The synergy between airborne lidar, radar, passive microwave, and passive imaging spectrometer measurements was used to characterize the vertical and small-scale (down to 10 m) horizontal distribution of the cloud thermodynamic phase.
.
In the past, the observation of the thermodynamic phase transitions associated with small-scale cloud structures down to scales of 10 m was challenging due to limitations of the measurement methods. Passive and active satellite-borne remote sensing techniques have typical resolutions coarser than 250 m (Stephens et al., 2002) . Ground-based active cloud remote sensing 5 methods (lidar and radar), with vertical resolution of about 50 m and averaging intervals of 10 s (Kollias et al., 2007; Maahn et al., 2015) , point only in zenith direction and miss horizontal two-dimensional information on inhomogeneities (Marchand et al., 2007) . Similarly, airborne in situ measurements of cloud microphysical properties require averaging periods of at least 1 s, integrating over scales of 50 m at a typical flight speed of 50 m s −1 (Mioche et al., 2017) , and therefore, potentially mix individual pockets of ice crystals and liquid water droplets. Airborne active radar and lidar measurements also average over 10 along-track distances of about 50 m (1 s at 50 m s −1 flight speed; Stachlewska et al., 2010; Mech et al., 2019) . Airborne imaging remote sensing techniques have the potential to map the cloud top geometry. Reflected solar radiation measurements by spectral imagers provide an enhanced spatial resolution of down to a few meters. Based on this measurement approach, Schäfer et al. (2013) and Bierwirth et al. (2013) retrieved two-dimensional (2D) fields of cloud optical thickness resolving changes in spatial scales smaller than 50 m, which are associated with the evaporation of cloud particles in downdraft regions. For selected 15 cases, Thompson et al. (2016) illustrated the potential of spectral imagers to retrieve 2D fields of cloud thermodynamic phase.
The identification of mixed-phase cloud regions, however, was based on the assumption of homogeneously mixed clouds and did not consider the vertical distributions of the ice and liquid particles. Due to the passive nature of the imaging spectrometers, the measurements integrate over the entire cloud column, but are dominated by the cloud properties close to the cloud top (Platnick, 2000) . They commonly cannot resolve the clouds vertically. Therefore, to avoid missclassifications, the information about 20 the cloud vertical structure provided by active remote sensing is needed to interpret passive remote sensing measurements of reflected solar radiation.
This study makes use of combined passive spectral imaging techniques and active remote sensing measurements (radar and lidar) to characterize the cloud phase partitioning in the 3D cloud structure. The active remote sensing instruments provide the general vertical stratification of ice particles and liquid water droplets, which is needed to interprete the 2D maps of cloud phase 25 observed by the spectral imager. Two mixed-phase cloud cases observed during the Artic CLoud Observations Using airborne measurements during polar Day (ACLOUD) campaign are chosen to demonstrate this instrument synergy . Section 2 introduces the instrumentation and the retrieval approach to derive 2D maps of cloud phase. The two case studies are presented in Sect. 3, including a discussion of the impact of the cloud vertical structure on the cloud phase retrieval.
The observation are compared to LES simulations in Sect. 4. The information loss due to the smoothing of the fine-scale cloud structures to the typical geometry obtained by satellite-borne remote sensing is quantified in Sect. 5.
Methods

Observations
The ACLOUD campaign was performed to improve the understanding of the role of Arctic low and mid-level clouds in Arctic amplification; it took place in the vicinity of the Svalbard archipelago in May and June 2017 Ehrlich et al., 2019) . During ACLOUD, active and passive remote sensing instruments and in-situ probes were operated on the research 5 aircrafts Polar 5 and Polar 6 of the Alfred Wegener Institute Helmholtz-Center for Polar and Marine Research (AWI; Wesche et al., 2016) . The passive remote sensing equipment included, among others, the AISA Hawk spectral imager (Pu, 2017) . The downward-viewing pushboom sensor of AISA Hawk is aligned across-track to generate 2D upward radiance (I ↑ λ ) reflected by the cloud and surface. With 384 across-track pixels, a 36°field of view (FOV) and a typical distance between aircraft and cloud top of 1 km, AISA Hawk samples with a spatial resolution of roughly 2 m. Each pixel contains spectral information between 10 930 nm and 2550 nm wavelength distributed in 288 channels with an average spectral resolution (full width at half maximum, FWHM) of about 10 nm. More details on the calibration of AISA Hawk and the data processing are presented by Ehrlich et al. (2019) . Two-dimensional fields of spectral cloud top reflectivity (R λ ) are obtained by combining reflected radiance fields, detected by AISA Hawk, with simultaneous measurements of the downward spectral irradiance (F ↓ λ ) obtained by the Spectral Modular Airborne Radiation measurement sysTem (SMART; Wendisch et al., 2001; Ehrlich et al., 2019) :
(1)
The cloud top reflectivity R λ in the spectral region between λ a = 1550 nm and λ b = 1700 nm, characterized by the different absorption features of liquid water and ice, is used to discriminate the cloud thermodynamic phase (Pilewskie and Twomey, 1987; Chylek and Borel, 2004; Jäkel et al., 2013; Thompson et al., 2016) . The spectral differences in the cloud top reflectivity of pure liquid and pure ice clouds are illustrated in Fig. 1 . To identify the cloud phase, Ehrlich et al. (2008) defined the slope 20 phase index, which quantifies the spectral slope of the cloud top reflectivity in this spectral region and is sensitive to the amount of ice crystals and liquid water droplets close to cloud top:
A threshold value for the slope phase index of 20 discriminates between pure liquid water (I s < 20) and pure ice or mixedphase (I s > 20) close to cloud top . By applying Eq.
(2) to the AISA Hawk measurements, fields of I s are 25 obtained, which spatially resolve the horizontal distribution of the thermodynamic phase of the cloud uppermost 200 m layer, typically corresponding to an in-cloud optical depth of about 5 (Platnick, 2000; Ehrlich, 2009; Miller et al., 2014) .
The vertical distribution of the cloud thermodynamic phase is retrieved from measurements by the Microwave Radar/radiometer for Arctic Clouds (MiRAC; Mech et al., 2019) and the Airborne Mobile Aerosol Lidar (AMALi; Stachlewska et al., 2010) deployed in parallel with the AISA Hawk sensor on board of Polar 5. The radar reflectivity is proportional to the sixth power of 30 the particle size, and thus, is most sensitive to large particles. Therefore, it is used to identify the vertical location of large ice crystals in mixed-phase clouds. Contrastingly, the AMALi backscatter signal is strongly attenuated by high concentrations of small particles and, thus, identifies the location of small supercooled liquid water droplets close to the cloud top in mixed-phase clouds.
Radiative transfer modelling
Radiative transfer simulations are employed to interprete the horizontal structure of the cloud slope phase index, and to retrieve 5 2D fields of cloud optical thickness (τ ) and effective radius (r eff ). They were performed with the Library for Radiative transfer (libRadtran) code (Mayer and Kylling, 2005; Emde et al., 2016) . The simulations applied the radiative transfer solver FDIS-ORT2 (Discrete Ordinate Radiative Transfer) by Stamnes et al. (2000) . The standard subarctic summer atmopsheric profile provided by libRadtran was employed together with temperature and water vapor profiles measured by dropsondes released during the respective flights close to the measurement sites. A maritime aerosol type and the surface albedo of open ocean 10 were selected (Shettle, 1990) . The solar zenith angle (SZA) was adjusted to the location and time of each specific measurement. The simulations of liquid water clouds assumed the validity of Mie theory, whereas those including ice clouds assumed columnar ice crystals and applied the "Hey" parameterization based on Yang et al. (2000) to convert microphysical into optical properties.
In a first step, extending the work of Bierwirth et al. (2013) and Schäfer et al. (2013) to the near infrared spectral region, the 15 reflectivity fields measured by AISA Hawk are used to retrieve fields of optical thickness and effective radius. For this purpose, the reflectivity R 1240 at a scattering wavelength of 1240 nm, sensitive to the cloud optical thickness, is combined with R 1625 at an absorbing wavelength of 1625 nm, influenced mainly by the particle size (Nakajima and King, 1990) . The position of these wavelenghts in the cloud top reflectivity spectrum is shown in Fig. 1 . To reduce the retrieval uncertainties, the radiance ratio approach by Werner et al. (2013) was applied. Look-up tables considering the sun-sensor viewing geometry of every pixel of 20 AISA Hawk are simulated for various combinations of cloud optical thickness and effective radius. For the simulations, pure liquid water clouds are assumed. In the presence of mixed-phase clouds, this might bias the retrieved optical thickness and effective radius. However, since Arctic low-level mixed-phase clouds are typically topped by a liquid-water layer (Shupe et al., 2006; McFarquhar et al., 2007) , the associated uncertainties are expected to be lower than the variability within the cloud field.
The retrieved optical thickness and effective radius, assuming a plane-parallel radiative transfer model, are affected by 3D 25 radiative effects (Zinner and Mayer, 2006; Marshak et al., 2006) . While the 3D nature of the cloud structures will cause an overestimation of the optical thickness in the bright illuminated areas, the effective radius is overestimated in the shadowed regions. Horváth et al. (2014) showed that, due to their opposite sign, the 3D bias of retrieved optical thickness and effective radius partially cancel when calculating the liquid water path LWP. Therefore, the retrieved fields of τ and r eff are converted into fields of LWP using the relation by Kokhanovsky (2004) :
As it was the case for the retrieved τ and r eff , this conversion assumes liquid water clouds with a homogeneously mixed vertical profile. Considering a homogeneous vertical profile may result in inaccuracies even for pure liquid water clouds (Zhou et al., The stronger attenuation of the lidar signal, i.e., the rapid decrease in the lidar backscatter, hints at larger amounts of liquid than on 25 May. Contrastingly, the radar signal is dominated by larger particles, and significant radar reflectivity values can indicate higher concentrations of ice crystals. The combination of the radar and lidar signals shows differences in the vertical 20 structure of both cases. The cloud on 25 May, showing a high radar reflectivity, is very likely precipitating large ice crystals.
In this case, some regions of the cloud present a large radar reflectivity at cloud top, shown by the overlapping radar and lidar Fig. 3a , which indicates the presence of large particles in high cloud layers. Vertical separation between the signals of both instruments, such as occurring around 9:01:47, indicate regions where small liquid droplets dominate the cloud top, detected by the lidar but not by the radar. In these regions, the radar observes large particles, likely ice crystals, around 100 m below the cloud top which precipitate down to the surface. On 2 June (Fig. 3b ), the radar reflectivity is in general weaker than on 25 May and shows a cloud that does not precipitate down to the surface. The weaker radar reflectivity may be attributed to 5 smaller ice crystals. However, the continuous overlap between the lidar and the radar signals observed in Fig. 3 indicates the presence of large particles right below the cloud top. These differences in the vertical structures of the two cloud cases need to be considered when interpreting the 2D horizontal fields of the slope phase index retrieved by AISA Hawk, which is most sensitive to the cloud top layer. scene covers an area of 1.4 × 4.7 km 2 with an average pixel size of 3.9 × 2.6 m 2 . Figure 4a shows the cloud top reflectivity field at 1240 nm wavelength, R 1240 , with its histogram shown in Fig. 4b . Due to the broken nature of the cloud field, a cloud mask has been applied prior to the retrieval of cloud properties. Based on radiative transfer simulations, a threshold of R 1240 = 0.1, roughly corresponding to a LWP of 2 g m −2 , was chosen to discriminate between cloudy and cloud-free areas. Regions with R 1240 < 0.1 were classified as cloud-free and have been excluded in the further analysis. 20 The slope phase index I s , presented in Figs. 4c and 4d, shows a maximum value of 11.5, which is characteristic for pure liquid water clouds. This seems to disagree with the lidar and radar observations ( Fig. 3 ), which indicated a mixed-phase nature, and demonstrates the higher sensitivity of the phase index to the thermodynamic phase of the top most layer. Similarly, the LWP (Fig. 4i ), calculated from τ ( Fig. 4e ) and r eff (Fig. 4g ) using Eq. (3), increases towards the cloud core centers, as it is typical for pure liquid water clouds. These areas visually identify updraft regions where enhanced condensation occurs due to 25 adiabatic cooling (Gerber et al., 2005) .
Cold air outbreak
Although I s is always below the threshold of pure ice clouds, the cloud field presents significant small-scale variability that might be related to spatial changes in the thermodynamic phase distribution. To quantify if the variability of I s is related to the variability of precipitating ice crystals as observed by MiRAC, the cloud edges were separated from the central cloud regions.
All pixels below the 25th percentile of R 1240 and of I s are defined as cloud edges. All other areas are considered to be cloud 30 core center regions. The separated measurements were compared to radiative transfer simulations adapted to the measurement situation. In Fig. 5 , the measurements are presented in a slope phase index -reflectivity space, together with simulations assuming pure-phase (either liquid or ice) clouds of known particle sizes and liquid/ice water paths. This sensitivity study shows the spread of I s as a function of the cloud thermodynamic phase, the cloud optical thickness (or LWP, IWP) and the interpreted as the natural variability of the cloud top liquid layer. Compared to the radar observations, the passive reflectivity measurements are insensitive to the precipitating ice crystals. Table 1 summarizes the statistics of the cloud properties. The one-minute sequence starts at 9:45 UTC when the SZA was of about 57.9°. The lidar observations indicated that the cloud top of the low-5 level stratocumulus was located at 900 m above sea level. Hence, for a flight altitude of 2.9 km, the field covers a cloud area of 1.2 × 5.6 km 2 with an average pixel size of 3.1 × 4.7 m 2 . The cloud top reflectivity at 1240 nm, displayed in Fig. 6a shows a more horizontally uniform cloud layer compared to the measurements collected on 25 May 2017 (Case I). The cloud mask (R 1240 > 0.1) reveals a 100 % cloud coverage for this scene. The slope phase index, presented in Fig. 6c , is higher compared to Case I and ranges between 14.7 and 31.6 Applying the common threshold of 20 would classify larger regions of the observed 10 clouds as pure ice or mixed-phase. However, the LWP (Fig. 6i) shows significant variability over the entire cloud field, which may be related to the spatial distribution of the thermodynamic phase. The comparison of the relation between I s and R 1240 with simulations assuming pure-phase clouds is shown in Fig. 7 . The simulations reveal that the measurements do not fall in the range of the grid simulated for pure ice clouds, which would typically have higher values of slope phase index than observed. The measurements rather resemble the simulations of pure liquid water clouds. However, the field and histogram 15 of LWP (Figs. 6i and 6j) show values in the range of 270 g m −2 with 25 % percentile at 250 g m −2 . Such high values have rarely been observed in Arctic low-level clouds, which typically do not exceed 100 g m −2 (Shupe et al., 2005; de Boer et al., 2009 ). The meassurements by the passive 89 GHz channel of the microwave radiometer of MiRAC were used to estimte the LWP independently (see App. A for retrieval description and uncertainty assessment). The values between 90 and 120 g m −2 indicates that the LWP retrieval using the AISA Hawk measurements is strongly overestimated likely due to the presence of ice crystals close to cloud top (compare Fig. 3 ). This is supported by the rather high optical thickness and particle sizes retrieved from AISA Hawk measurements, shown in Figs. 6e-h. As the retrieval assumes liquid droplets, the presence of ice 5 crystals, which are typically larger and strongly absorb radiation at 1625 nm, did bias the retrieval of both quantities towards higher values (Riedi et al., 2010) . The particle size distribution observed by the Small Ice Detector (SID-3, Schnaiter et al., 2016) deployed in Polar 6 between 9:25 and 9:35 UTC in the vicinity of the AISA Hawk measurements (Fig. 2) revealed that, for the observed cloud, the particles at cloud top present effective radii in the range of 10 µm . 75 % of the AISA Hawk measurements on 2 June retrieve an effective radii larger than this value ( Figs. 6g and 6h ).
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The small-scale variability of the cloud properties shows that the largest deviation of the retrieved r eff and LWP respect the external measurements occurs in areas of low reflectivity (below the 25th percentile of R 1240 ) and high slope phase index values (above the 75th percentile of I s ). These areas indicate cloud holes, where the vertical velocity is likely downwards and the condensation of liquid droplets is reduced, which increases the fraction of ice crystals. Although the theory predicts low values of LWP and r eff in these regions (Gerber et al., 2005 (Gerber et al., , 2013 , the high ice fraction leads to the strong overestimation of 15 LWP compared to the microwave retrieval. In contrast to the pattern observed on 25 May 2017, the higher ice fraction in the edges of the cloud holes causes the slope phase index to decrease with increasing cloud top reflectivity.
Impact of the vertical distribution of ice and water
We investigate whether the variability of I s on 2 June provides information on the vertical mixing structure of ice and liquid particles. Mixed-phase clouds commonly observed in the Arctic consist of a single layer of supercooled liquid water droplets at 20 cloud top, from which ice crystals precipitate (Mioche et al., 2015) , which is in line with the radar/lidar observations presented in Fig. 3 . Additionally, Ehrlich et al. (2009) found evidence of ice crystals near the cloud top. Based on these findings, I s of mixed-phase clouds was simulated assuming three vertical mixing scenarios. A two-layer cloud scenario with a layer of liquid water droplets at cloud top (750 -900 m) and a cloud bottom layer (600 -750 m) consisting of precipitating ice particles was assumed to represent the common vertical mixing type. In a second scenario, a vertical homogeneous mixture of ice and liquid 25 particles was assumed in the cloud layer (600 -900 m) to simulate the case when ice crystals are also present at cloud top. For both cases, the partitioning between ice and liquid droplets was varied by changing the ice fraction, defined by r eff ) was evaluated for the two-layer (Fig. 8a ) and the homogeneous mixing scenario (Fig. 8b) , considering a fixed r eff of 9 µm for the liquid droplets and 50 µm for the ice crystals. The TWP was varied between 25 and 250 g m −2 . The fixed TWP approach was evaluated for the homogeneous mixing scenario (Fig. 8c) . Here, the TWP was fixed to 120 g m −2 . In this case, the r eff range between 4 µm and 24 µm for liquid droplets and between 28 µm and 90 µm for ice crystals. The three scenarios show grids of I s where the increasing IF yields different patterns. The comparison with the measurements shows that only 5 the homogeneously mixed scenarios (Figs. 8b and 8c ) reproduce the measured values of the slope phase index. In the twolayers scenario (Fig. 8a) , the liquid water signature dominates I s , masking the presence of the cloud ice. These mixed-phase clouds need to be formed of at least IF = 70 % to cause phase indices that effectively differ from those of pure liquid clouds. Figure 8c shows the alternative scenario where the TWP is fixed to 120 g m −2 . The simulated clouds cover most of the observed combinations of slope phase indices and reflectivities. In this scenario, the observed cloud would agree with mixed-phase clouds of fixed IF of about 40 %. In contrast to the scenario with fixed r eff , this pattern indicates that the ice fraction in the cloud centers is similar to that in the cloud holes. The cloud domes centers consist of small droplets with effective radii between 4 µm and 6 µm and small ice crystals 10 with effective radii between 28 µm and 36 µm. Larger droplets, with r eff between 6 µm and 8 µm, and ice crystals, with r eff between 36 µm and 42 µm are found in the cloud holes. This pattern can be explained by a quick evaporation of small droplets in the cloud holes leading to a larger r eff . Both idealized homogeneous mixing scenarios reproduce the observations. However, based on the AISA Hawk measurements of I s alone, it cannot be judged which scenario is more likely. In reality, neither the particle sizes nor the TWP are horizontally fixed in a cloud field. A combination of both scenarios might be closest to reality. Figure 8 . Comparison of Is measured on 2 June 2017 as a function of R1240 with three mixing scenarios of mixed-phase clouds. Observations in cloud holes are indicated by orange dots. Green dots represent measurements in cloud domes. Scenario (a) simulates a two layer cloud, while in scenarios (b) and (c) a homogeneously mixed cloud is assumed. Scenario (b) considers mixed-phase clouds of fixed particle sizes (r eff,liquid of 9 µm and r eff,ice of 50 µm) and variable TWP between 25 and 250 g m −2 . The grey solid lines connect clouds of equal TWP and the solid purple lines, clouds of equal IF (indicated by the percentages). In scenario (c) TWP is fixed to 120 g m −2 and the particle sizes are varied. Here, purple lines connect clouds of equal ice fraction and the gray lines connect clouds considering equal particle sizes.
However, due to the large number of possible realizations (combinations of IWP, LWP, r eff,ice , r eff,liquid ), it is impossible to fully resemble the observations.
Large Eddy Simulations (LES)
To characterize how more realistic vertical distributions of the thermodynamic phase impact the cloud top horizontal variability, the observed horizontal fields of I s were compared with results of simulations using the ICOsahedral Non-hydrostatic 5 atmosphere model (ICON), operated in its Large Eddy Model (LEM) configuration (Heinze et al., 2017; Dipankar et al., 2015) .
The ICON-LEM is forced by initial and lateral boundary conditions from the European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecast System (IFS; Gregory et al., 2010) . The simulations were preformed in a one-way nested setup with a 600 m spatial resolution at the outermost domain, followed by 300 m resolution and an inner triangular nest of 150 m resolution. This inner nest is equivalent to a square grid of 100 m horizontal resolution, which is about an order of 10 magnitude coarser than the observations by AISA Hawk. Simulations with finer horizontal resolution are not reasonable due to the high computational time. Two regions of 21 km × 11 km enclosing the corresponding aircraft measurements on 25 May and 2 June (Fig. 2) were selected. In the vertical direction, 150 height levels were simulated. ICON-LEM uses the two-moment mixed-phase bulk microphysical parameterization by Seifert and Beheng (2006) and provided profiles of liquid and ice mixing ratio r w , r i , cloud droplets and ice crystal number concentration N w , N i , temperature T, and pressure p. The mixing ratio 15 and the number concentration profiles take into consideration both the non-precipiting (cloud water and cloud ice) and the precipiting (rain, snow, graupel and hail) hydrometeors. They have been used to convert the r w and r i into LWC, and IWC, as required by the radiative transfer model:
with R = 287.06 J kg −1 K −1 the specific gas constant for dry air. For the spherical liquid droplets, profiles of liquid effective radius are obtained by (Martin et al., 1994; Kostka et al., 2014) :
where ρ w is the density of the liquid water. For the non-spherical ice crystals, the median mass diameter D m,ice of the particle size distribution (PSD) of cloud ice represented by the generalized Γ-distribution described by Seifert and Beheng (2006) , used by ICON-LEM, is calculated as:
with a = 0.206·10 −6 m kg −b and b = 0.302. The radiative properties of ice crystals are parameterized using the effective radius 10 r eff,ice . To convert the median particle size into radius r eff,ice , the measurement-based relationship between D m,ice and the effective diameter, D eff,ice , of columnar ice crystals shown by Baum et al. (2005) 
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On 25 May, the clouds simulated by ICON-LEM are located at higher altitudes than observed. However, the profiles of LWC, IWC, and IF agrees with the vertical cloud structure indicated by the active remote sensing measurements (Fig. 3a) , with both liquid and ice phases being present. The IWC reaches a maximum value of 0.08 g m −3 430 m below the 0.12 g m −3 maximum LWC at 900 m (9.
The cloud top reflectivities simulated by libRadtran on the basis of the clouds simulated by ICON-LEM have been used 20 to derive cloud top reflectivities, which can be considered as synthetic measurements to calculate I s . These synthetic I s are compared to the observations of AISA Hawk using the relation of R 1240 and I s introduced in Figs. 5 and 7 . To further test the sensitivity of R 1240 and I s towards the vertical distribution of the cloud thermdynamic phase, additional synthetic cloud top reflectivities (firstly, neglecting the LES IWC and therefore considering pure liquid water clouds, and secondly, doubling the LES IWC), were also simulated. The comparisons with the AISA Hawk measurements is shown in Fig. 9d . The relation 25 between R 1240 and I s derived from the LES original LWC and IWC profiles shows that the liquid water dominated the cloud top layer, making its R 1240 and I s indiscernible from those of pure liquid water clouds. This is almost identical to the AISA Hawk measurements (Fig. 9d) . Only a few data points with higher I s range above the grid of pure liquid clouds. These data mostly have low R 1240 and can be linked to cloud edges with lower LWP, where ice fractions are simulated to be higher than in the observations. Doubling the IWC produced by ICON-LEM on 25 May (resulting in a maximum 0.16 g m −2 at 470 m) yielded a similar result: as for the original ICON-LEM profiles, the R 1240 and I s relation is for most LES pixels dominated by the higher liquid water concentration at cloud top and cannot be differenciated from pure liquid water clouds. However, the enhanced IWC increases I s beyond values corresponding to pure liquid water clouds for a larger amount of cloud edge pixels than with the original LES IWC.
On 2 June, ICON-LEM produces a maximum IWC of 1.5·10 −4 g m −3 located 170 m below the maximum 0.37 g m −3 LWC 5 at 530 m. As for 25 May, the vertical profiles of IWC and LWC agree with the active remote sensing measurements (Fig. 3) 
indicating the presence of both liquid and ice. However, as demonstrated by Fig. 9h , the original IWC produced by ICON-LEM is too low to effectively impact R 1240 and I s , which follow the pattern of pure liquid water clouds and did not reproduce the AISA Hawk observations. This difference suggests that the ICON-LEM underestimates the concentration of ice for the cloud on 2 June 2017. In a test case, the IWC was increased by a factor of 1000 so that it reached a maximum value (1.5·10 −4 g m −3
at 360 m) in the same order of magnitude than the maximum LWC. For this hypothetical cloud field, the radiative transfer simulations reproduced the observed values of I s , which deviate from the pure liquid case. However, the results of the ICON-LEM simulations show many data points with R 1240 way below the observations (R 1240 < 0.45). This indicates that the cloud 5 field produced by the LES, covering a larger area than the observations, presents significant cloud gaps (low TWP), which were not observed by AISA Hawk. For the manipulated cloud, these cloud parts show a significant increase of I s with decreasing R 1240 , which can be attributed to cloud edges similar to the cold air outbreak case of 25 May.
Impact of spatial resolution
The horizontal resolutions of the ICON-LEM (100 m) and the airborne observations (10 m (Kaur and Ganju, 2008; Li et al., 2003; Thompson et al., 2018) . This raises the question of how much of the observed variability of I s is lost by horizontal averaging. 15 In order to asses the information lost by the coarser resolutions, the AISA Hawk observations of the two cloud cases were averaged for larger pixel sizes. Figures 10 and 11 .81 is reduced to the range from 6.88 to 7.91, but always indicates a cloud that is dominated by the liquid layer at cloud top. For the cloud on 2 June 2017 ( Fig. 11) , the averaging cannot affect the 100 % cloud cover. However, the variability of Based on airborne active and passive remote sensing by a passive imaging spectrometer and vertically resolving techniques such as lidar and radar, the horizontal and vertical structure of the thermodynamic phase in Arctic mixed-phase clouds was characterized for two example clouds observed during a cold air outbreak and a warm air intrusion event. While the spectral imaging was used to identify the structure of the horizontal distribution of the cloud ice in scales down to 10 m, the combined radar and lidar observations revealed the general vertical phase distribution of the clouds. cases demonstrates that a combination of active and passive remote sensing is needed to fully characterize the horizontal and vertical distribution of ice and liquid particles in mixed-phase clouds.
The variability of I s observed on 2 June was analysed using radiative transfer simulations assuming different mixing scenarios of the ice and the liquid water content. Two homogeneous mixing scenarios, either keeping the TWP or the particle sizes fixed when changing the ice fraction, did reproduce the observed pattern of variability. However, based on the AISA Hawk reproduces the vertical structure of the two observed cloud cases, but produces too little ice on 2 June. Nevertheless, to fully exploit the measurements-model synergy, synthetic radar and lidar measurements should be simulated based on ICON-LEM, taking as well into consideration the ice habit obserbed by in-situ measurements.
The grid size of ICON-LEM (100 m) is sufficient to resolve the small-scale structure of mixed-phase clouds and to produce 25 different patterns of I s giving indication on the vertical distribution of the cloud thermodynamic phase. A sensitivity study reducing the horizontal resolution of the passive remote sensing observations illustrated that pixel sizes below 100 m, such as provided by the Hyperion imager spectrometer or airborne spectral imagers, are required to resolve the horizontal distribution of ice and liquid water in Arctic mixed-phase clouds. However, common satellite sensors such as MODIS or AVHRR are not able to capture the small-scale variability of I s .
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Data availability. The AISA Hawk , SMART , MiRAC and AMALi data, acquired during the ACLOUD campaign, are publicly available on PANGAEA. All other data used and produced in this study are available upon request from the corresponding authors.
by atmospheric gases and cloud liquid. Cloud ice does not contribute to the signal and only strong snowfall could lead to TB reduction by scattering, i.e. 500 g m −2 snowfall correspond to about 1-2 K reduction. On short time scales -such as the two minute long flight tracks -variations are mainly caused by cloud variability. Therefore, a simplified algorithm exploiting the relative change of TB compared to a base state was developed.
For each of the two cases, the closest dropsonde was used to calculate TB as a function of LWP, assuming a cloud between 10 500 and 100 m above sea level. Within these microwave radiative transfer simulations, the wind speed was taken from the lowest available dropsonde level (5 m s −1 on 25 May and 7.7 m s −1 on 2 June) and the SST (275 K) from climatological data.
Liquid water emission leads to an increase in TB above the radiatively cold ocean. When subtracting the clear sky TB (TB 0 ), the resulting ∆TB can be well approximated by a third order regression with an uncertainty of ca. 1 g m −2 in LWP. Due to the different wind speed and moisture conditions of the two cases, uncertainties of about 5 g m −2 (12 g m −2 ) at 100 g m −2
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(200 g m −2 ) LWP occur.
The clear sky TB 0 needs to be derived before applying the simple regression algorithm to calculate ∆TB. For this purpose, we searched for the minimum TB in both cases and checked whether the lidar signal was low. This is to some degree subjectively and difficult due to the high cloud presence (see Figs. 4 and 6) . In fact, for 2 June a profile approximately 5 min later was chosen. With our best estimates of TB 0 (180 K on 25 May and 186 K on 2 June) for each one second measurement, LWP could 20 be derived, yielding a range between 20 and 40 g m −2 for 25 May and 90 to 120 g m −2 for 2 June.
While the approach to derive LWP from a single frequency is rather simple, it also presents advantages (for example, absolute calibration errors are avoided due to the use of difference values). Changes in SST, wind speed and moisture content of the two one-minute time periods are thought to play a minor role and estimated to be below 10%. The highest uncertainty is thought to stem from the determination of the clear sky TB 0 . However, the maximum uncertainty is estimated to be about 30 g m −2 25 and thus, the 2 June case clearly (i) has a higher LWP than the 25 May case and (ii) has a lower LWP than the one estimated by AISA Hawk (Tab. 1). In the future, additional measurements from higher MiRAC frequency channels and lidar information will be exploited to retrieve a higher accuracy LWP product. Chylek, P. and Borel, C.: Mixed phase cloud water/ice structure from high spatial resolution satellite data, Geophys. Res. Lett., 31,
